We present an x-ray reflectivity study of wetting at the free surface of the binary liquid metal gallium-bismuth (Ga-Bi) in the region where the bulk phase separates into Bi-rich and Ga-rich liquid phases. The measurements reveal the evolution of the microscopic structure of wetting films of the Bi-rich, low-surface-tension phase along different paths in the bulk phase diagram. A balance between the surface potential preferring the Bi-rich phase and the gravitational potential which favors the Ga-rich phase at the surface pins the interface of the two demixed liquid metallic phases close to the free surface. This enables us to resolve it on anÅngström level and to apply a meanfield, square gradient model extended by thermally activated capillary waves as dominant thermal fluctuations. The sole free parameter of the gradient model, i.e. the so-called influence parameter, κ, is determined from our measurements. Relying on a calculation of the liquid/liquid interfacial tension that makes it possible to distinguish between intrinsic and capillary wave contributions to the interfacial structure we estimate that fluctuations affect the observed short-range, complete wetting phenomena only marginally. A critical wetting transition that should be sensitive to thermal fluctuations seems to be absent in this binary metallic alloy.
I. INTRODUCTION
The concept of a wetting transition that was introduced independently by Cahn 1 and Ebner and Saam 2 in 1977, has stimulated a substantial amount of theoretical and experimental work 3, 4, 5, 6, 7 . Due to its critical character it is not only important for a huge variety of technological processes ranging from alloying to the flow of liquids, but has the character of an extraordinarily versatile and universal physical concept, which can be used to probe fundamental predictions of statistical physics. For example, as shall be depicted in more detail later on, it can be employed in the case of wetting dominated by short-range interactions (SRW) in order to test the predictions for the break-down of mean-field behavior and the necessary "transition" to a renormalization group regime, where this surface phenomenon is significantly affected by thermal fluctuations.
A wetting transition occurs for two fluid phases in or near equilibrium in contact with a third inert phase, e.g., the container wall or the liquid-vapor interface. On approaching the coexistence critical point the fluid phase that is energetically favored at the interface forms a wetting film that intrudes between the inert phase and the other fluid phase. In general, this surface phenomenon is a delicate function of both the macroscopic thermodynamics of the bulk phases and the microscopic interactions.
Whereas one of the seminal theoretical works
2 on the wetting transition gave a microscopic view on this phenomenon, experimental results at this same level of detail were only recently obtained through application of X-ray and neutron reflection and diffraction techniques 8, 9, 10 . Moreover, almost all of these experimental studies dealt with systems, like methanol-cyclohexane and other organic materials, that are dominated by long-range vander-Waals interactions 7 . The principal exceptions to this are the studies of the binary metallic systems gallium-lead (Ga-Pb) 11 , gallium-thallium (Ga-Tl) 12 , and gallium-bismuth (Ga-Bi) 13 , for which the dominant interactions are short-range.
Here, we will present an x-ray reflectivity study of wetting phenomena that occur at the free surface in the binary metallic liquid Ga-Bi when the bulk demixes in two liquid phases, i.e. a Bi-rich and a Ga-rich liquid phase. The fact that the wetting geometry pins the liquid/liquid (l/l) interface that divides the two liquids to the surface allows measurements that show the compositional profile of the wetting film at theÅngström level. We will show results for the structure of the film as it evolves towards the gravity-thinned film. Through a combination of this structural information and the bulk thermodynamics of the system, it was possible to extract detailed information on the dominant interaction parameters governing the surface phenomenology. We will show that a square gradient theory that is combined with the effects 14 . The lines show the phase boundaries calculated from thermodynamic data 15 . The dashed lines represent the metastable extension of the (l/l) coexistence line below TM. The points are: C-bulk critical point, Mmonotectic point, A,B,D,E-points on the experimental path. The insets illustrate the surface and bulk phases. In region II the wetting film is 50Å thick and the Ga-rich fluid is 5 mm thick. The bold circless in the insets symbolize the Bimonolayer.
of thermally excited capillary waves provides a reasonable description of that interface. In fact, we will be able to extract the sole free parameter of that model, i.e. the influence parameter κ. This, in turn, will allow us to distinguish between intrinsic (mean-field) and fluctuation (capillary waves) contributions to the interfacial structure. On the basis of this distinction we will estimate the influence of fluctuations on the observed SRW at the free surface.
The paper is structured as follows: In the first section, we introduce the bulk phase diagram of Ga-Bi and relate its topology to the wetting transitions observable at the free surface of this binary alloy. X-ray reflectivity measurements on the wetting films along different paths in the bulk phase diagram will be discussed in the second section. The third section will focus on the thermodynamics and structure of the liquid-liquid interface. In this section we will develop a square gradient theory in order to model the concentration profile at the liquid/liquid interface. Finally, in the last section we will provide a more general discussion of the rich wetting phenomenology at the free surface of this binary liquid metal.
II. BULK & SURFACE THERMODYNAMICS
The bulk phase diagram of Ga-Bi, cp. Fig. 1 , was measured by Predel with differential thermal analysis 14 . It is dominated by a miscibility gap with consolute point C (critical temperature T C = 262.8
• C, critical atomic fraction of Ga, c crit = 0.7) and a monotectic temperature, T M = 222
• C. In the part of region I with T < T M , solid Bi coexists with a Ga-rich liquid. At T M , the boundary between region I and region II, a first order transition takes place in the bulk due to the liquidisation of pure Bi. For T M < T < T C (region II), the bulk separates into two immiscible phases, a high density Bi-rich liquid and a low density Ga-rich liquid. The heavier Bi-rich phase is macroscopically separated from the lighter Ga-rich phase due to gravity. In region III, beyond the miscibility gap, a homogeneous liquid is found.
Following the observation of Perepezko 16 that on cooling fine Ga-rich droplets are coated by a Bi-rich solid phase, Nattland et. al. studied the liquid-vapor interface in region II using ellipsometry. They found that a thin Bi-rich film intrudes between the vapor and the Ga-rich subphase in defiance of gravity 13 , as implied by the illustration in Fig. 1 . This was a clear example of the critical point wetting in binary systems that was described by Cahn 1 . On approaching to point C, the Bi-rich phase necessarily becomes energetically favored at the free surface and as a result it forms the wetting film that intrudes between the Ga-rich subphase and the surface. In fact the situation is slightly more complicated since x-ray studies indicate that throughout region III the free surface is coated by a monolayer of pure Bi 17 . More recently we showed that on heating the binary liquid a thicker wetting layer of Bi rich liquid forms between the Bi monolayer and the bulk Ga rich liquid. This appears to be an unusual example of complete wetting that is pinned to the monotectic temperature T M . This phenomenon was first discussed by Dietrich and Schick in order to explain an analogous finding in the binary metallic alloy Ga-Pb 11, 18 . The nature of this apparent coincidence of a surface transition with the first order transition in the bulk at T M can most easily be illustrated by a transformation of the (c, T )-diagram to the appropriate chemical potential-temperature (µ, T )-diagram that is depicted in Fig. 2(a) for Ga-Bi. The axis are temperature, T , the difference (µ Bi − µ Ga ) of the chemical potentials of the single species, and their sum (µ Bi + µ Ga ). In this plot, the (l/l)-miscibility gap of Fig. 1 , which strictly spoken is a liquid/liquid/vapor (l/l/v) coexistence boundary, transforms into a (l/l/v)-triple line extending from M to C (solid circles). At M this triple line intersects with another triple line, i.e. the solid/liquid/vapor (s/l/v)-coexistence line (solid squares), rendering M a tetra point of four phase coexistence 70 . At M a solid Bi, a Ga-rich , a Ga-poor phase, and the vapor coexist.
The thermodynamics by which the surface transition at M is pinned by the bulk phase transition is obvious if one considers the topology of the (µ,T)-plot in the prox- imity of M. The wetting of the free surface by the Bi-rich phase as well as the bulk transition are driven by the excess free energy, ∆µ m , of the Bi-rich phase over that of the Ga-rich liquid phase 5 . This quantity is proportional to the distance between the (l/l/v)-triple line and any other line leading off (l/l/v)-coexistence, e.g. the (s/l/v)-triple line (A→M) or the line B→D in Fig. 2(a) . The wetting thermodynamics is displayed in a slightly simpler way by the plot ∆µ m vs. T in Fig. 2(b) . In this figure for T > T M , the (l/l/v) coexistence line transforms into a horizontal straight line that extends from M to C. For T < T M the horizontal dashed line indicates the metastable (l/l/v) extension of the coexistence and that is above the solid-Bi/Ga-rich/vapor (s/l/v) coexistence line that goes from M to A. This illustrates the observation by Dietrich and Schick 18 that the path A→ M leads to coexistence, and thus complete wetting is dictated by the topology of the phase diagram.
A more quantitative understanding of the surface wetting phenomena can be developed by analyzing the grand canonical potential, Ω S per unit area A of the surface 5 :
is the wetting film thickness, ξ is the decay length of a short-range, exponential decaying potential, γ 0 its amplitude and A an arbitrary surface area. The quantity ∆µ comprises all energies that are responsible for a shift off true bulk (l/l/v) coexistence, i.e. the aforementioned quantity ∆µ m . The formation of the heavier Bi-rich wetting layer at some height, h, above its bulk reservoir costs an extra gravitational energy ∆µ g =g∆ρ m h where ∆ρ m is the mass density difference between the two phases. Minimization of Ω S in respect to d then yields the equilibrium wetting film thickness of the Bi-rich phase d = ξ ln(γ 0 /∆µ). In fact the gravitational energy is only significant in comparison with the other terms for very small values ∆µ m and for most of the data shown in Fig. 2 the gravitational term can be neglected, allowing of ∆µ = ∆µ m . Thus, one expects a logarithmic increase of the wetting film thickness upon approaching M from A that is given by d = ξ ln(γ 0 /∆µ m ), in agreement with the experimental finding that was presented in our recent Physical Review Letter on this phenomenon -cp. inset in Fig. 2(b) 19 . The slight deviations for small values of ∆µ m , as well as the finite value of d ∼ 50Å along the coexistence line M→B are due to the gravitational term. Since this approach of the (l/l/v)-coexistence line ends in M with its four phase coexistence, the phenomenon is properly described as tetra point wetting. As demonstrated here, the occurrence of this complete wetting phenomenon at the surface is an intrinsic feature of the bulk phase diagram.
In this paper we shall present additional x-ray reflectivity measurements that show the evolution of the wetting film on approaching coexistence from point D in regime III, and hence along a path probing complete wetting that is not dictated by the topology intrinsic to the bulk phase diagram, but rather by the experimentator's choice of the overall atomic fraction of Ga in the sample c nom , i.e. the path B→D in Fig. 1 and Fig. 2(a,b) . Furthermore, we will probe the wetting film structure along an on-(l/l/v) coexistence path B→ E.
III. X-RAY REFLECTIVITY MEASUREMENTS
A. Experiment
Sample Preparation & Sample Environment
The Ga-Bi alloy was prepared in an inert-gas box using > 99.9999% pure metals. A solid Bi pellet was covered by an amount of liquid Ga required for a nominal concentration c nom = 88 at% Ga. It was then transferred in air into an ultrahigh vacuum chamber. A 24-hour period of bake-out yielded a pressure of 10 −10 torr. The residual surface oxide on the liquid's surface was removed by sputtering with Ar + ions. Using thermocouple sensors and an active temperature control on both sample pan and its adjacent thermal shield a temperature stability and uniformity of ±0.05
• C was achieved. A sketch of the experimental setup, sample environment resp. can be found in Fig. 3(b) .
A challenge in all x-ray reflectivity measurements of liquid metals is the high surface tension of these systems, e.g. pure Ga has a surface tension of ≈700mN/m. It often prevents liquid metal from wetting non-reactive container walls or substrates. This also leads to large curvatures of the liquid surface hampering x-ray reflectivity measurements 20 . Remnant oxide layers that exists at the liquid/container, liquid/substrate interface resp. even enhance this non-wetting effect; therefore, we removed these oxide layers from the Mo sample pan by sputtering with Ar + ions, at a sputter current of 25mA and a sputter voltage of 2kV, and could reach wetting of the Mo crucible by the liquid metal. This resulted in small curvatures of the free surface as was judged by eye and later on by x-ray reflectivity measurements. The resulting flat surfaces facilitated the accumulation of reliable x-ray reflectivity data sets, particularly for small incident angles, α. On the other hand, the wetting of the container wall by the liquid alloy promoted some spilling of the liquid during the sample movements that were necessary to track the sample position during the reflectivity scan. We circumvented this problem by installing a ceramic ring that surrounded the sample pan. The ceramics is not wetted by the liquid metal and, therefore, inhibits any liquid flow at the outermost circumference of the sample pan.
Another experimental challenge is related to x-ray reflectivity measurements from liquids in general. The surface of a liquid is sensitive to any kind of vibrations or acoustic noise. In order to obtain a stable reflected signal from the liquid surface, we mounted our UHV chamber on an active vibration isolation 20 .
X-Ray Reflectivity
X-ray reflectivity measurements were carried out using the liquid surface reflectometer at beamline X22B at National Synchrotron Light Source with an x-ray wavelength λ = 1.54Å. Background and bulk scattering were subtracted from the specular signal by displacing the detector out of the reflection plane by 0.3
• . The scattering geometry can be found as inset in Fig. 3 . The intensity R(q z ), reflected from the surface, is measured as a function of the normal component q z = 4π/λ sin(α) of the momentum transfer and yields information on the surfacenormal structure of the electron density ρ(z) as described by the so-called master formula 21 . This formula relates the Fourier-transformed electron density gradient with the experimentally obtained R/R F . The symbol R F denotes the Fresnel reflectivity that is expected from an ideally flat and sharp surface having the electron density of the Ga-rich liquid. The standard procedure for determining the electron density profile ρ(z) from the measured reflectivity R(q z ) is to construct a simple and physically meaningful density model and to fit its Fourier transform to experimentally obtained data sets of R/R F 22 . We employ a three-box model 9 , where the upper box represents the Gibbs-adsorbed Bi monolayer the second represents the Bi-rich wetting film and the lower box represents the bulk liquid. The relative electron densities of these boxes correspond to pure Bi (top box) and to the electron density of the Bi-rich wetting film, ρ. The quantity ρ sub denotes the electron density of the Ga-rich subphase. In the simplest approximation the electron density profiles of the interfaces between the different phases can be described analytically by error-functions. The relevant model for this problem includes three errorfunctions (erf)-diffusenesses for the following interfaces: vapor/Bi monolayer, Bi monolayer/Bi rich film, Bi rich film/Ga rich bulk phase. The first two interfaces describing the monolayer feature were remained unchanged in the presence of the Bi-rich film, while only the diffuseness of the Bi rich film/Ga rich bulk phase interface, σ obs , was a variable parameter as a function of T . The model also included size parameters that describe the thickness of the two upper boxes. The box that de- scribes the bulk sub-phase extends to infinity. During the fitting the thickness of the monolayer box was kept constant while the thickness of the Bi-rich film was allowed to vary.
The use of the master formula tacitly assumes the validity of the Born approximation. This assumption holds true for wave vectors, q z , much larger than the value of the critical wavevector q c of the Ga-rich subphase, where multi-scattering effects can be neglected 23 . Here, however, we will be interested in features corresponding to 30-60Å thick wetting films, which when translated to momentum-space corresponds to features in q z around 0.05-0.1Å −1 that are comparable to the value of the critical wavevector q c ≈ 0.05Å −1 (The q c -values change only slightly depending on T , cp. Table I ). In order to deal with this we resort to the recursive Parratt formalism 24 for q z -values close to q c . In this formalism one develops a 2x2 matrix that relates the amplitudes and phases for the incoming and outgoing waves on both sides of a slab of arbitrary dielectric constant. For the present problem we approximate the above mentioned three-box profile by a large number of thinner slabs whose amplitudes are chosen to follow the envelope of the analytic profile -cp. fig. 4 . Typically the number of slabs was of the order of 300.
B. Wetting film structures approaching (l/l/v)-coexistence
Here we will present x-ray reflectivity measurements from the free surface of Ga-Bi along a path approaching (l/l/v) coexistence from the homogeneous part of the bulk phase diagram (regime III), i.e. the path D→B . This path, particularly the position of its characteristic point B, is solely determined by the overall atomic fraction of Ga in the sample pan, c nom . While cooling this path intersects the (l/l/v) triple line (cp. Fig. 2 ) at the point B, corresponding to temperature T B of the miscibility boundary (cp. Fig. 1 ). For T < T B the heretofore homogeneous bulk liquid phase separates into the heavier Bi rich liquid that settles towards the bottom of the pan and the lighter Ga rich liquid on top. The actual position in the (c,T )-plane was chosen from consideration of the vanishing electron density contrast between Ga-rich and Bi-rich phase upon approaching C on the one hand or the (l/l/v) triple line (cp. Fig. 2(a) ) enforcing the spinodal demixing of the afore homogeneous bulk liquid. In our case, its position in the (c,T )-plane was chosen after a consideration of the vanishing electron density contrast between Ga-rich and Bi-rich phase upon approaching C, on the one hand, and a reasonably "long path" on (l/l/v) coexistence on the other hand. The compromise was a value of about 12% for c nom , which corresponds to T B = 240.4
• C. X-ray reflectivity R(q z ) was measured at selected temperatures on path D→B. In order to avoid artifacts as-sociated with the fact that the evolution of the wetting film is governed by slow diffusion processes 25, 26, 27 equilibration was monitored by continuous taking repeated reflectivity scans following increments of small temperature steps of 0.5
• C. Typically the measured reflectivity fluctuated wildly for a couple of hours, after which it slowly evolved to a stable equilibrium. The fits (lines) to these "equilibrium" R/R F (points) are shown in Fig.5(a,b) , and the corresponding ρ(z) profiles -in Fig. 5(c) . At point D [T D = 255
• C], typical of region III, R/R F exhibits a broad peak at low q z as well as an increased intensity around q z = 0.8Å −1 . The corresponding electron density profile ρ(z) obtained from the fit indicates a thin, inhomogeneous film of increased electron density (as compared with ρ sub ) close to the surface along with a peak right at the surface. It is consistent with a segregated monolayer of pure Bi along with a thin layer of a Bi-enriched phase. As the temperature is decreased towards B, the peak is gradually shifting to lower q z and its width decreases. This behavior manifests the continuous growth in thickness of the wetting layer upon approaching T B and is in agreement with the thermodynamic path probing complete wetting: ∆µ m → 0 on path D→B.
Our experimental data clearly indicate film structures dominated by sizeable gradients in the electron density, which contrasts with frequently used "homogeneous slab" models, but is in agreement with theoretical calculations. These range from density functional calculations via square gradient approximations to Monte Carlo simulations for wetting transitions at hard walls 2, 28, 29 . Inhomogeneous profiles have also been observed experimentally in microscopically resolved wetting transitions for systems dominated by long-range van-derWaals interactions 8, 30 . Clearly detailed interpretation of the inhomogeneity for the GaBi wetting films will require either a density functional analysis, or some other equivalent approach. Nevertheless, even a simple model approximating the wetting layer by a slab of thickness d allows a reliable determination of the surface potential governing this complete wetting transition. In order to do so, effective film thicknesses d have been extracted form the ρ(z) profiles. In Fig. 2(c) we show plots of these d-values versus both T and ∆µ m . The last plot shows the expected logarithmic behavior and allows determination of the values for the parameters of the short-range potential, i.e. γ 0 = 400mN/m and ξ = 5.4Å
19 . Moreover, agreement between the new (d,µ m )-behavior along D → B and the data for the path A→M provides an experimental prove that both paths have the same thermodynamic character, i.e. they probe complete wetting: ∆µ m → 0 on path A→M and D→B.
C. Wetting film structures: On (l/l/v)-coexistence As discussed before, on cooling from the one phase region (III) we reach the (l/l/v)-coexistence at B. The data for the measured dependence of R/R F on q z along coexistence between points B and M are shown in Fig.  6(a) . The existence of two peaks at low q z indicates the presence of a fully formed thick film (∼ 50Å). The solid lines indicate the best fit results corresponding to the real space profiles that are shown in Fig. 6(b) . The best fit value for maximum density of the thick film ρ/ρ sub = 1.20 agrees reasonably well with the value of 1.21 that is calculated form the phase diagram at point B.
These results are also reasonably consistent with what is expected for a gravity limited slab of uniform density. Using ξ = 5.4Å, σ 0 = 400mN/M and the known material constants that make up µ m (see table I below) the calculated value for d = d g = ξ ln(σ 0 /∆µ g ) = 15.6ξ = 85Å. In view of the fact that this estimate does not take into account the excess energy associated with associated with concentration gradients across the interfaces some overestimation of d g is not too surprising. Nevertheless, this rough calculation does show that the wetting film thickness is expected to be on a mesoscopic rather than on the macroscopic length scale that has been observed for similar wetting geometries in systems governed by longrange, dispersion forces 6 . Upon cooling from point B to M, the intensity of the first peak of R/R F increases as expected due to the gradual increase of the electron density contrast ρ/ρ sub that follows from the increase in the Bi concentration of the bulk phase. Similarly, there is a small shift in the position of the peak indicating that the thickness varies slightly from 53Å near B to 50Å near E that follows from the T -dependence of the density contrast ∆ρ m (T ) as estimated from the bulk phase ∆ρ m (T ) -cp. Table  I . The on-coexistence path B→E is too far away from C to expect more pronounced effects on the wetting layer thickness due to a vanishing density contrast or the increase of the influence of the criticality on the interaction potentials 5, 7, 31 . Moreover the gravitational thinning of the oncoexistence wetting film thickness to a length scale comparable to the range of the exponentially decaying shortrange interactions prevents testing the influence of longrange, van-der-Waals like atomic interactions on the wetting behavior that is present regardless of whether the system is insulating or metallic 32, 33 . Finally, we would like to highlight the unique wetting geometry encountered here: The subtle balance between the surface potential that favors the Bi-rich liquid phase at the surface and the gravitational potential that favors the Ga-rich liquid phase above the denser Bi-rich phase, pins the (l/l) interface between the two coexisting phases close to the free surface. It is this property that makes it possible to study the structure of these wetting films. For example, the width of the interface between that film and bulk, σ obs , is the case of the decay of the Kiessig fringes at low q z . This will be discussed further in the following section.
IV. LIQUID/LIQUID INTERFACE
In this section, we will discuss the microscopic structure of the (l/l)-interface separating the gravitationally thinned film of the Bi-rich phase from the Ga-rich subphase along the on-coexistence path B→E. We shall first describe a simple square gradient theory for this interface and then extend it by the consideration of thermally excited capillary waves. We will use this theory in order to extract the (l/l)-interfacial profile and the (l/l)-interfacial tension from our measurements of the average surface structure.
A. Square Gradient Theory
At the (l/l)-interface between the two phases, the concentration varies continuously from the bulk concentration of the homogeneous Bi-rich phase, c I , to the bulk concentration of the homogeneous Ga-rich phase, c II . Assuming that the variation in concentration within the interface is gradual in comparison with the intermolecular distance, the excess free energy for the inhomogeneous region can be expanded in terms of local variables c( − → r ) and ▽c( − → r ) 28 . The Gibbs free energy density cost within the interface can then be expressed in terms of a combination of a local function g(c( − → r , T ) and a power series in ▽c( − → r ) 28, 34, 35, 36 :
where N is the number of molecules per unit volume. The function g(c( − → r , T ) is the Gibbs free energy density that a volume would have in a homogeneous solution. The next term is the leading term in the power series expansion. The coefficient κ referred to as the influence parameter characterizes the effect of concentration gradients on the free energy. From first principles, it is related to the second moment of the Ornstein-Zernike direct correlation function and can be replaced by the pair potential weighted mean square range of intermolecular interactions of the system 28 . Equation (1) can be considered the Landau-Ginzburg functional for this problem.
Applying (1) to the one-dimensional composition change c(z) across the interface and neglecting terms in derivatives higher than the second gives for the total Gibbs free Energy G of the system:
The variable z represents the direction perpendicular to the interface. The symbol A 0 denotes an arbitrary surface area. The interfacial tension γ ll is defined as the excess energy of this inhomogeneous configuration in respect to the Gibbs free energy G of the homogeneous liquid of one of the coexisting phases. The reference system we have chosen is the homogeneous Bi-rich liquid with concentration c I :
Combining the gradient approximation (2) with the thermodynamic definition of the interfacial tension (3) yields:
where the grand thermodynamic potential ∆g(c) is given by
It follows then from (3) that the interfacial tension is a functional of the concentration profile c(z) at the interface. The equilibrium surface tension is obtained by minimizing this functional leading to the following EulerLagrange equation: Material parameters of the coexisting liquid phases as calculated from the bulk phase diagram as well as electron density profiles as obtained from our fits to R/RF for selected temperatures T along the on-coexistence path B→E. The atomic fraction of Ga in the coexisting Ga-rich, Bi-rich liquid phase are c I , c I resp. The symbols ρ/ρ sub (calc), ρ/ρ sub (obs) denote the calculated, observed electron density ratios resp. This differential equation along with the boundary conditions that the concentration has to vary from c I on the one side of the interface to c II on the other side determines c(z) unambiguously. In fact, the simplicity of (6) allows its direct integration, yielding an expression for z(c):
where z 0 and c 0 represent an arbitrary chosen origin and composition. It should be noted, that from a renormalization of the integrand of equation (7), one can conclude that any characteristic length scale, such as the intrinsic width of the interfacial profile, σ intr , has to scale as √ κ. An attractive feature of this gradient theory is that it relates the profile to κ and g(c( − → r , T ) without regard for the theoretical basis by which g(c( − → r , T ) is derived. In this paper we will use the extended regular solution model that will be presented in the appendix to model the homogeneous Free Energy of the binary liquid metal, particularly the one used to model its miscibility gap. The sole quantity required then in order to calculate the (l/l) interfacial profile and tension is an expression for the influence parameter κ, that precedes the square gradient 37 . It follows that the influence parameter can be extracted from the measurement of the microscopic structure of the interface. For example, from an appropriate choice for κ, solving of (6) or (7) will yield a profile characterized by the intrinsic width σ intr that can be compared with σ obs .
B. Capillary Wave Excitations on the (l/l) Interface
The formalism presented so far relies on a simple meanfield picture that neglects any thermal fluctuations on the (l/l) interface. By contrast, the real experiment is sensitive to not only the mean-field diffuseness of the interface, but is also sensitive to the fact that thermal fluctuations contribute additional broadening to the fluid interface. An intuitive, semiphenomenological approach to handle the interplay of these two quantities was initiated by Buff, Lovett, and Stillinger 38, 39 . Essentially, they imagined the interface as if it were a membrane in a state of tension characterized by the bare interfacial energy γ ll , as calculated in the former paragraph; it sustains a spectrum of thermally activated capillary waves modes whose average energy is determined by equipartition theorem to be k B T /2. By integration over the spectrum of capillary waves, one finds the average mean square displacement of the interface, σ cap , as
Here q max is the largest capillary wave vector that can be sustained by the interface. For bulk liquids this is typically of the order of π/molecular diameter; however, it does not seem realistic to describe excitations with wavelengths that are smaller than the intrinsic interfacial width as surface capillary waves 43, 44 . Thus σ intr describes the intrinsic interfacial width q max = π/σ intr . The value of the quantity q min is slightly more complicated since it depends on whether the resolution is high enough to detect the long wavelength limit at which an external potential v(z), such as either gravity or the van der Waals interaction with the substrate, quenches the capillary wave spectrum. If the resolution is sufficiently high
If it is not then the value of σ 2 cap is limited by the resolution limited average length scale L res over which the observed fluctuations can be resolved. In this case q min = ∆q res = π/L res where ∆q res is the projection of the detector resolution on the plane of the interface. In our case q res is significantly larger than q v therefore, q min = q res = 0.04Å −1 . Using the fact that capillary waves obey a gaussian statistics which manifests itself as an erf-function type profile for the average interfacial roughness 45 together with the observation that the intrinsic profiles c(z) are also well described by erf-function profiles, the two contributions to the interfacial width can be added in gaussian quadrature 45 . Thus we write the total observed interfacial width, σ calc , as
Comparison of (8) and (6) reveals that both, σ intr and σ cap depend on κ. Thus, the determination of κ leads to the problem of finding the self-consistent value that yields a value for σ calc that agrees with the experimentally determined roughness σ obs .
C. Intrinsic Profile and (l/l) interfacial tension of Ga-Bi
We performed a self consistent calculation of κ for the observed (l/l) interface at point E, where σ obs (E) ≈ 12Å. In order to do so, we solved the Euler-Lagrange Equation (6) 71 which yields the intrinsic c(z) profile as depicted and compared with an erf-profile in Fig. 7(a) . From that we calculated the corresponding erf-diffuseness σ intr (E) and via numerical integration of (3) the corresponding interfacial tension γ(E) as well as the resultant capillary induced roughness and the overall average diffuseness, σ cap and σ intr resp. After starting with a reasonable value of κ, as judged by a scaling analysis of (6), this procedure was iterated until σ calc (E) = σ obs (E). The value we obtained was κ opt = 5.02 · 10 −13 N m 3 /mol. The other quantities of interest at E are: σ cap (E) = 10.32Å , σ intr (E) = 6.35Å and γ ll (E) = 3.3mN/m.
It is interesting to observe that (6) implies σ intr ∝ 1 κ , whereas from (8) one obtains σ cap ∝ √ κ. Hence, the function of σ calc (κ) exhibits a minimum for σ calc at a characteristic value, κ min . It is interesting to note, that the κ opt , determined from our measurements, corresponds to this peculiar value κ min meaning that the system selects from all possible σ intr , σ cap combinations, the one with the minimum overall width for the (l/l)-interface.
Assuming a T -independent influence parameter along with the available thermochemical data sets that are available over a wide range of the phase diagram allows calculation of the T -dependent interfacial profiles and (l/l) interfacial tension from very low up to very high T , close to T C . In Fig. 7 (b) the intrinsic (l/l) interfacial profiles are plotted for selected T 's versus the reduced temperature, t = |T − T C |/T C (Here T denotes the absolute temperature in Kelvin units). The increasing width of the interface while approaching T C (t → 0) is well-demonstrated. In Fig. 9 the t-dependent interfacial tension, γ ll (T ), is depicted. As expected, it vanishes as t → 0.
Comparison of γ ll (T ) with other measurements would be a useful test of our measurements and interpretation. Unfortunately, measurements are rather difficult and we are not aware of any such measurements for Ga-Bi. Fortunately, it is still possible to estimate γ ll (T ) using other available experimental data sets on this alloy. For example, Predel 14 noted that in the vicinity of C the (l/l)-coexistence curve of Ga-Bi can be represented by a function of the form |φ c − φ| = K(T c − T ) β with β ∼ = 0.33, where φ is the volume fraction of Ga, Bi resp. and K a constant 14 . This behavior suggests that the demixing transition in Ga-Bi belongs to the same universality class as binary nonmetallic liquid mixtures, i.e. Ising lattice model with dimensionality D=3. Moreover, it allows for an estimation of the interfacial tension based on a scaling relation for these quantities, i.e. the hypothesis of two-scale-factor universality (TSFU) 46 should apply. Using this concept along with available T -dependent measurements of the specific heat, Kreuser and Woermann extracted an expression for the T -dependent interfacial tension in Ga-Bi 47 , γ ts = γ ts0 t µ , where µ is a critical exponent with universal character for a bulk demixing transition, µ ∼ = 1.26 and γ ts0 = 66 ± 15mN/m. The corresponding t-dependent γ ts (−) is plotted in Fig. 9 . A good agreement with the t-dependence of γ ll calculated by our square gradient theory is found, e.g. at t E = 0.07, T E = 225
Aside from the Ga-Bi system the only other metallic system for which detailed temperature dependent measurements 48 and estimations 49 of the (l/l) interface are reported, is Ga-Pb . Given the close relationship between Ga-Bi and Ga-Pb (similar constituents, identic phase diagram topology with consolute point C and monotectic point M), we felt encouraged to also apply our gradient theory to this binary system. Moreover, we assumed that the influence parameter, κ, as determined by the measurements on Ga-Bi, also provides a reasonable value for this metallic system. Available thermochemical data sets for the miscibility gap of Ga-Pb 50 allowed us to calculate the t-dependent (l/l) interfacial tension. As can be seen in fig. 10 , where our calculated values for γ ll are shown in comparison with the experimental values, an excellent agreement is found.
Overall, our results suggest that our model of an intrinsic, mean-field interface broadened by capillary waves describes the (l/l) interface reasonably well. One must, however, bear in mind the approximation implicit in the presented analysis. For instance, we have assumed that the free surface of the liquid alloy behaves like a rigid wall, whereas it will have its own spectrum of capillary waves that could be coupled to the waves at the interface. However, since the interfacial tension of the free surface is about two orders of magnitude larger than the (l/l) interfacial energy in this metallic system, we believe that the rigid wall assumption is a reasonable starting point. Furthermore, the calculation presented above has the shortcoming of a T -independent influence parameter κ. It should be mentioned, though, that theory predicts a divergence of κ close to T C for real fluids, κ ≈ (T −T C ) −0.02 for T → T C . In fact, it can even be shown that this divergence is necessary to obtain the correct scaling behavior of γ ll (T ) near C 51,52,53 .
V. WETTING PHENOMENOLOGY AT THE FREE SURFACE
Effects of Fluctuations on Short-Range Wetting
Our analysis in section 1 of the complete wetting transition at B was based on a mean-field (MF) model for a SRW transition. Such a model accurately predicts the critical behavior (i.e. the critical exponents) of systems close to a phase transition, provided fluctuations can be neglected. For SRW transitions, however, it can be shown that the upper critical dimensionality D u = 3 54 . The value D u is the dimension beyond which MF theory can be applied successfully. If the dimension is smaller than D u fluctuations are important and one has to resort to renormalization group (RG) methods to describe the critical behavior of a phase transition. Because its upper critical dimensionality is exactly equal to 3, the SRW transition has received a great deal of theoretical attention, since it allows one to explore the regime where the MF behavior breaks down due to fluctuations, and the RG approach becomes applicable. This breakdown depends on the so-called fluctuation parameter,
) (where ξ b is the bulk correlation length, and γ ll is the (l/l) interfacial tension) which measures the magnitude of the dominant thermal fluctuations, the thermally induced capillary waves at the fluid, unbinding interface, in our case at the (l/l) interface of the coexisting Bi-and Ga-rich liquids.
For a complete wetting transition RG analysis of the divergence of the wetting film thickness yields a changed prefactor of the logarithmic divergence, d RG ∼ ξ RG (1 + ω/2) ln (1/∆µ) 5, 55, 56 . An estimation of ω using the bulk correlation length, ξ b , estimated from the aforementioned TSFU prediction, yields for the wetting transitions at M, ω M = 0.3 ± 0.2 and for the observed wetting complete wetting transition at B, ω B = 0.4 ± 0.2. Thus, the prefactors of the logarithmic increase of the wetting film with ∆µ is changed by only ≈ 10%, 20% resp. in comparison with the mean-field prediction. This is well within our experimental error of about 30% for the determination of ξ. (The large error bar on ξ is due to its extraction from a slab thickness analysis whereas the measured wetting films have significant inhomogeneous structures). A clear distinction between RG and MF behavior cannot be drawn in our case.
A critical wetting transition characterized by the wetting film formation on-(l/l/v)-coexistence, while changing T , with a similar value of ω should show more pronounced deviations from MF behavior. Thus, we shall estimate the characteristic temperature T W of that transition in the following.
The Critical Wetting Transition in Ga-Bi
It follows from our measurements that the critical wetting transition has to be hidden in the metastable range of the (l/l/v) coexistence line somewhere below T M . An estimation of T W is possible by a consideration of the Free energy at the surface for the wet (Bi-rich wetting at surface) and non-wet (Ga-rich phase at the surface) situation. In order to do so, we introduce the spreading energy, Θ(T ). It estimates the preference of the Bi-rich phase in respect to the Ga-rich phase at the free surface at any temperature and is given by the following energetic contributions. In the wet-situation, the energy is given by the sum of the free surface tension of the Birich phase and the tension of the (l/l) interface between the Bi-rich phase and the Ga-rich subphase. The nonwet situation is characterized by the surface energy of the bare Ga-rich liquid phase, γ(Ga − rich) lv . We define Θ(T ) therefore in the following way:
In equation (10) the quantity Γ(T ) denotes the difference in the bare liquid-vapor surface tensions of the coexisting phases.
From the definition of Θ(T ) it follows that establishment of the wetting film is energetically preferred if Θ > 0 (wet-situation), whereas for Θ < 0 it is unfavorable (nonwet situation). The condition Θ(T ) = 0 marks, therefore, the transition temperature T W , where the system switches on-coexistence from a non-wet to a wet-situation or vice versa.
In order to estimate Θ(T ), in addition to γ ll (T ), as extracted in the previous section we need measurements or estimations of γ(Ga − rich) lv (T ) and γ(Bi − rich) lv (T ). Measurements of these quantities are reported in the literature 57, 58, 59 , the one by Ayyad and Freyland that employed the noninvasive method of capillary wave spectroscopy is the most recent one. From these measurements, we get a conservative T -independent estimate for Γ of the order of 100mN/m. Our calculation of γ ll (T ), particularly its extrapolation towards very low temperature t → 1 which yields γ ll (0K) = 75mN/m, indicates that it is always significant smaller than Γ. Our analysis suggests, therefore, that Θ(T ) > 0 for all T meaning that no critical wetting transition occurs on the metastable extension of the (l/l/v) coexistence line. This remarkable conclusion is, on the one hand, in contrast to the findings for the few examples of binary metallic wetting systems studied so far: In Ga-Pb and Ga-Tl, Wynblatt and Chatain et al. estimated a value for T W significanttly below the corresponding monotectic temperatures T M , but still at final values of the order of 0.3 · T C (K), 0.2 · T C (K) for Ga-Pb, Ga-Tl resp. (T C (K) denotes the critical temperature of bulk demixing on the Kelvin temperature scale.) On the other hand, it reflects the general finding that in binary metallic systems with short-range interactions the critical wetting transition occurs at significantly lower temperatures than this is the case in organic liquid systems, where T W is found to lie above 0.5 · T C (K). This tendency seems to be driven to its extreme in the case of Ga-Bi:
A semiquantitative argument for the absence of a critical wetting transtion in Ga-Bi as compared to the two other metallic systems investigated so far might relate to the fact that in comparison with the others the liquid/liquid coexistence region for GaBi system is significantly shifted towards the Ga-rich, high surface tension phase and, in addition the miscibility gab is much narrower. As a result the change in concentration across the l/l interface is smaller for the GaBi system than for the others. In view of the fact that one can express
this suggests that γ ll could be expected to be smaller for GaBi than for the others. If this effect is important, and if it is not compensated by an accompanying reduction in the value of Γ, then it is possible that Θ(T ) = Γ − γ ll > 0 for all temperatures, thereby precluding a wetting transition.
Tetra Point Wetting ⇔ Surface Freezing
Finally, we would like to comment on the fact that the observed wetting by the Bi rich liquid at the GaBi monotectic point is not necessarily the only phenomena that can occur. In principle one expects at this tetra point a similar or even more diverse wetting phenomenology as has been predicted 60 and found 61 in the proximity of a triple point for one component systems. For example, another possibility is that the free surface could be wet by solid Bi. In the bulk both solid Bi and the Bi rich liquid are stable for T > T M ; however, for T < T M the free energy of the Bi rich liquid is larger than that of solid Bi. Consequently, if the solid Bi surface phase had a favorable spreading energy it would certainly wet the free surface for T < T M . In fact, on the basis of optical and surface energy measurements Turchanin et al.
62,63
proposed a surface phase diagram for which a surface frozen" phase of solid Bi forms at the free surface of the GaBi liquid for temperatures below T M . Unfortunately, we have a problem with this. The first may be purely semantic, but the idea of a "surface frozen phase" originates in the experiments by Earnshaw et al. and Deutsch, Gang, Ocko et al 64, 65 on the appearance of solid surface phases at temperatures above that of bulk freezing for alkanes and related compounds. For the GaBi system the crystalline phase of bulk Bi is stable at temperatures well above those of at which Turchanin et al made their observations. We believe that if their observations do correspond to thermal equilibrium phenomena, the effect would be more appropriately described as wetting of the free surface by solid Bi. Unfortunately, the second problem we have is that we do not believe that surface wetting by solid Bi is favored by the spreading energy. If wetting by solid Bi were favored, as implied by Turchanin et al, then the wetting layers of Bi rich liquid that are the subject of this paper would have to be metastable, existing only because of a kinetic barrier to the nucleation of the solid wetting film. In fact we have regularly observed that on cooling below T M the original fluid, smooth, highly reflecting surfaces became both rough and rigid. The effect is exacerbated by the presence of temperature gradients and by rapid cooling. We interpreted this as the formation of bulk solid Bi, rather than wetting, since we never saw any direct evidence for the formation of films, rather than bulk Bi. We argued that if there not enough time for the excess Bi in the bulk liquid phase below the surface to diffuse, and precipitate as bulk solid Bi at the bottom of the liquid pan, the bulk liquid would simply undergo bulk spinodal phase separation. This is consistent with our observations. Unfortunately it is very difficult to absolutely prove that our films are stable and this issue can't be resolved from the existing evidence. Nevertheless we find it difficult to understand why solid Bi would wet the surface for T < T M and not wet the surface as T approaches T M from above.
VI. SUMMARY
In this paper we reported x-ray reflectivity measurements of the temperature dependence of wetting phenomena that occur at the free surface of the binary metallic alloy Ga-Bi when the bulk demixes into two liquid phases, i.e. a Bi-rich and a Ga-rich liquid phase. We characterized the temperature dependence of the thickness and interfacial profile, withÅngström resolution, of the Birich wetting films that form at the free surface of the liquid on approaching the (l/l/v) coexistence triple line, i.e. along a path of complete wetting . The results, which are characterized by large concentration gradients, agree with density functional calculations for such transitions at hard walls. On the basis of this it was possible to determine the short-range surface potential that favors the Birich phase at the free surface and hence is governing the wetting phenomenology. The short-range complete wetting transition turns out to be only marginally affected by thermal fluctuations. According to renormalization group analysis the critical wetting transition should be more sensitive to critical fluctuations; however, according to our analysis the wetting layer of Bi rich liquid should be present for all temperatures. This is in contrast to the results for the other binary liquid metal systems for which the wetting transitions exists but since the metastable l/l/v line it falls below the liquidus line it is hidden.
The largest thickness of the gravitationally limited Bi rich wetting layers that formed at the free surface at (l/l/v)-coexistence were typically of the order of ≈ 50Å. As a result of the fortuitous balance between the surface potential that favors the Bi-rich Phase and the gravitational potential which favors the lighter Ga-rich phase the interface dividing the two coexisting phases is sufficiently close to the free surface that x-ray reflectivity was sensitive to its microscopic structure. We interpreted these measurements in terms a Landau type of square gradient phenomenological theory from which it was possible to extract the sole free parameter of that model, i.e. the influence parameter κ. To the best of our knowledge this is the first time that such a parameter has been directly determined from measurement. Furthermore, it was possible to make a distinction between the intrinsic width of the interface and the additional contributions to the width from thermal capillary wave features fluctuations.
On making using of available bulk thermodynamic data, along with the extracted influence parameter, we were able to calculate the experimentally difficult to get (l/l) interfacial tension for a wide temperature range. As a test of our methods we performed the same calculation of the (l/l) interfacial tension for Ga-Pb with its analogous miscibility. We assumed that the influence parameter, κ, as determined from our measurements on the (l/l) interfacial structure in Ga-Bi, was also applicable to Ga-Pb and, using the thermochemical data sets available for GaPb, we obtained good agreement between our calculated values and macroscopic measurements of the (l/l) interfacial tension. This suggests that the value of the influence parameter extracted in this study might provide a reasonable value for the larger class binary metallic alloys. If this proves to be true, then the value determined here can be used, along with the surface potential, to predict wetting properties of this larger class of systems. The first two terms correspond to the Gibbs energy of a mechanical mixture of the constituents; the second term corresponds to the entropy of mixing for an ideal solution, and the third term, ∆g xs is the so-called excess term. Here, it is represented by an extension of the usual regular solution expression, i.e. a sum of Redlich-Kister polynomials, L ν (T ), as listed in Table II .
By solving the nonlinear equations (A.7) applied on g(c, T ) for the temperature range T M < T < 262
• C we could calculate the binodal coexistence line as plotted in Fig. 1 . The agreement of the calculated phase boundaries with Predel's measured phase boundaries is excellent. Particularly, the measured consolute point C (T C = 262
• C, c crit = 0.7 is nicely reproduced by the calculated critical values T C = 262.8C and c = 0.701. Furthermore, the knowledge of g(c, T ) allows us to extrapolate the binodal lines below T M into the region of metastable (l/l) coexistence, and, hence, to get information on the energetics of the metastable Ga-rich, Bi-rich phase resp. Similar to the procedure presented above, we also calculated the phase boundaries below T M . Here, we used data sets for the Gibbs free energy of pure solid Bi, which coexists for T < T M with a Ga-rich liquid.
